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INTRODUCTION

Free-fall stores with conventional cruciform panel stabilizers
have at times evidenced erratic behavior when subjected to high
angles of attack. This anomalistic performance has often been
attributed to the large yawing and rolling moments which vary periodi-
cally with roll angle (see Refs. (1) and (2)). It is common practice
to refer to these moments as being "roll induced." Another source
of errant flight behavior with dynamic origin is the somewhat related
problem of roll-pitch resonance (see Ref. (2)). This latter diffi-
culty becomes evident when the pitch and roll frequencies are nearly
equal. Yaw-roll resonance becomes precipitous when the pitch
frequency and roll rate become nearly equal and remain so for an
extended period of time.

The freely spinning stabilizer is a demonstrated practical means
for reducing these induced moments and minimizing the likelihood of
yaw-pitch resonance. In the freely spinning stabilizer the panels
are permitted to spin about the body's longitudinal axis. The fore-
body, on the other hand, has little or no spin rate. Ballistic
advantages of this type of stabilizer are as follows. First, the
effects of roll-induced forces and moments can be minimized or
eliminated. Secondly, the moment of inertia in roll of the tail cone
is an order of magnitude less than that of the complete configuration.
Since only the fins rotate they rapidly accelerate after release to
a roll rate well above the bomb's pitch frequency. In addition, the
freely spinning tail offers a tactical advantage in that it can be
used as an environmental sensor by replacing the commonly used air-
arming vane.

During the past few years an investigation has been carried out
at the Naval Ordnance Laboratory to determine the dynamic and aero-
dynamic properties of typical free-fall stores with freely spinning
stabilizers. Toward this end, a series of wind-tunnel investigations
have measured static, pitch damping and Magnus characteristics of
freely spinning stabilizers (see Refs. (3), (4) and (5)). The
present report documents the results of a series of comparative
measurements of the fixed and freely spinning stabilizers on the
basis of static and Magnus forces and moments. A subsequent report
will combine these aerodynamic measurements with an analytic study
of the dynamics of the freely spinning stabilizer; the goal of this
second effort will be to establish the effect of spin rate (fin cant)
and forebody and stabilizer associated asymmetries on store stablity.

Portions of the data used in this report are also available in
Reference (6), although the data in Reference (6) has not been
corrected for flow angularity.



.- .- - -_ - --Im,

NOI#TA 72-291

SYMBOLS

a magnitude of a vectox

A corrected angle of attack

C% section lift coefficient

CE rolling moment, M /QSd

C% sectional lift curve'slope:

C%6 rolling moment due to fin cant, C /6

Cp roll-damping moment derivative, aC /a(pd/2V)

Cm pitching-moment coefficient, My /QSd

Cm pitching-moment derivative, acm/9a

CN normal-force coefficient, -F z/Q

CN normal-force derivative, aCN/Da

C n  yawing-moment coefficient, Mz/QSd

C y side-force coefficient, Fy/QS

d reference length, body diameter

F uncorrected load component along the x axis

F y uncorrected load component along the y axis

F uncorrected load component along the z axis
z

Gx ycorrected load component along the x axis

G corrected load component along the y axis

2
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SYMBQLS WCont'dl

I x  pitch moment of inertia

Tunit vector along the x axis

1 unit vector along the y axis

unit vector along the z axis

unit vector along the velocity vector

Kx axial radius of gyration, ;I/md2

Mx  component of aerodynamic moment about x axis

My component of aerodynamic moment about y axis

Mz  component of aerodynamic moment about z axis

M free-stream Mach number

p spin rate, radians per second

reduced spin rate, pd/2V

Re Reynolds number per unit length

S model reference area, ld2/4

V free-stream airspeed

V free-stream velocity

X,Y,Z conventional fixed-body axes

y coordinate of spanwise station

nominal angle of attack

{ao,0o }  flow angularity variables

6 fin cant

6j designated fin cant angle with J = 1, 2, 3, 4, 5 degrees

1unit vector normal to angle-of-attack plane

3
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SYMBOLS CContld)

unit vector in angle-of-attack plane normal to

p density of the air

PB density of the bomb

c indicates correction for flow angularity (used as
superscript)

TEST FACILITY

The Magnus tests were carried out exclusively at the Aerodynamic
Wind Tunnel (4T) of the Arnold Engineering Development Center.
This facility is a recirculating, continuous flow, variable density
tunnel capable of being operated at Mach numbers from 0.2 to 1.3.
At all Mach numbers the stagnation pressure can be varied from 200 to
400 psfa. The test section is four feet square and 12.5 feet long.
The wind tunnel is completely enclosed in a plenum chamber from which
the air can be evacuated, allowing part of the air flow to be removed
through the perforated walls of the test section. A more complete
description of the wind tunnel may be found in Reference (7).

WIND-TUNNEL MODEL

The model used in these tests is the X823 Research Store. This
configuration has a long history as the standard shape in an
extensive free-fall weapons dynamics research program participated in
by the United States, the United Kingdom and Australia. In this tri-
partite effort the M823 was used in several free-fall trials and
subjected to exhaustive wind-tunnel measurements. It has also
served as a model in numerous six-degree-of-freedom computer flight
simulations (Ref. (8)).

The full-scale M823 is illustrated in Figure 1. In its standard
form the M823 is a 7.7-caliber-long free-fall store with a cruciform
conical stabilizer. For the tests reported herein, the M823 was
modified in that the conical stabilizer was mounted on a bearing-
supported shaft and was free to rotate about the longitudinal axis
of the body. A dimensional sketch of the wind-tunnel model is given
in Figure 2 with details of stabilizer geometry given in Figure 3.
In these tests the stabilizer had fin cants of 1, 2, 3, 4 and 5
degrees. The model was tested with stabilizer decoupled and free to
spin about the longitudinal axis of the store. Tests were also
conducted with the rigidly fixed to the forebody to form a
configuration with a conventional fixed stabilizer.

4
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INSTRUMENTATION

The aerodynamic loads on the model were measured by means of a
four-component LCN' Cy, Cm and C n strain-gage balance. To measure

the rotational rate of the model or 4tabilizer, a magnetic tachometer
is located in the tail assembly. A magnetic pick-up coil was embedded
in the sting.

CORRECTIONS FOR FLOW ANGULARITY

In a succeeding section the salient features of the wind-tunnel
measurements will be p:Lated out. Before doing this, however, it is
of some value to dis m- iow the measurements were made and what
special corrections w,= applied. In the freely spinning stabilizer
tests, the model's forebody is rigidly fixed to the balance with only
the stabilizer free to spin, being supported on a bearing shaft and
driven in spin by means of fin cant.

The model was rigidly fixed to the balance with only the
stabilizer allowed to spin during the freely spinning tail tests;
during the fixed-stabilizer tests, the stabilizer was locked to the
forebody and the whole configuration was allowed to spin about the
balance. The model is shown mounted on the balance and installed in
the wind tunnel in Figure 4. The model is then rotated through the
angle of range with load measurements made at several discrete
angular positions. At the completion of each angle-of-attack
span, the model is brought to zero angle of attack and the Mach
number is changed. The angle-of-attack range is again spanned while
holding the Mach number fixed. There seems to be a source of error
in bringing the model to the nominally zero angle of attack. The
model would thus be experiencing a slightly different angle of attack
from the nominal value, the difference being represented by the
symbol, a0 . Since the model was rotated in a vertical plane, there

was the additional possibility that the plane of rotation would not
at any time contain the velocity vector. Stated alternately, the
vertical plane of rotation of the model was not coincident with a
vertical plane containing the velocity vector. The angle between
these two vertical planes is designated as 0 . Thus, to define the
velocity vector at a nominal angle of attack of zero requires two
variables, a*0, the vertical coordinate, and P0, the horizontal co-

ordinate. {a0 , 0 } might also be thought of as the directional

angles of the velocity vector in the {X0, Yo' to} coordinate frame.

Because of the way a0 and a0 occur it might be expected that a0

would change more readily than 00 because the zero value of the

nominal angle of attack changes with each Mach number change, but the
plane of rotation should not move until model changes are made. In
Appendix A, Equations (A-26) and (A-29) provide a means for

5
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calculating the trim 4ngles 4o and @, respectively. These trim

angles are shown plotted versus Mach number in Figure 5 for the con-
figuration with a freely spinning stabilizer with a four-degree fin
cant. The angle @o is less than o but not sufficiently so, it

seems, to support the above reasoning. Also, it might be expected
that ao would not vary much with Mach number, but apparently it

evidences as much variation as does ao . In showing a° and 0 versus

Mach number in Figure 5, a compressibility effect is not necessarily
implied. Mach number in Figure 5 is intended to act more as a
"counter" to indicate the completion of an angle-of-attack span.

In making use of Equations (A-26) and (A-29) the question that
must be faced is how well can the wind-tunnel balance make small-
load measurements. One way of assessing balance accuracy is to
measure CN in the simple finite difference method suggested by

a
Equation (A-28). Since normal loads were measured at -1, 0, +1 and
+2 degrees angle of attack, it was decided to obtain the ncrmal-Zorce
derivative, CN , by use of the following formulae and then to compare

the results

C (la)

c (CM, - j (lb)

Cf(1c)

where the subscripts indicate the angle at which the measurements
were made. Reasoning would go somewhat as follows: If there exists
a time-dependent ramdom error large in proportion to the measurement
made at small angles, than the calculation of CN by means of

Equations(l) should indicate considerable scatter. Figure 6 is a plot
of CN versus Mach number as obtained from Equations (1). Quite

a
obviously there is little scatter in the measurements of the indi-
vidual values of C. Of course the data depicted in Figure 6 do not

N
support the contention that there is small error in the measurements
of C , N CN and , but rather that the time-dependent ramdom-N_ CO ' N1 N2

or noise type of error must be small. Without confidence in the
freedom of the balance measurements at small angles of attack from
noise-type errors, there could be no confidence in the measurements
of a0 and o from Equations (A-26) and (A-29).

6
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It is now a relatively straightforward procedure to make
corrections to wind-tunnel Magnus mea4urements, In reducing the
wind-tunnel side-force data, Equation (1a) was used to calculate the
normal-force derivative. The normal-force derivative and the trim
forces, CN and C , were used in Equations (A-26) and (A-29),

0 0
respectively, to calculate the flow angularity variables {ao, 801 as,

oe C °/C ,4  (2a)

C 10 CW cc(2b)

These quantities are then used, together with thp nominal angle of
attack, a, to calculate h and k from Equations (A-19).

Co CO 6.SIC4 + 4 i'~gCOSO( (3a)

A 1 Cos0 3c %np. (3b)

The above quantities are substituted in Equations (A-24a) and (A-25b)
to obtain the corrected side-force and yawing-moment coefficients

C h 4 (4a)

Ci "C C1 A" + .l, (4b)

Next, the corrected angle of attack is calculated from
Equation (A-12).

Tal [ S S (5)

7
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In discussing flow angularity one final problem must be
addressed, Alternate expressions for the flow angularity variables
might be used, that ia computations based upon the measured "trim"
moments, Cm And Cn , rather than tbe tr~jm forces, C and C Thus

MO0 0 Yo No0
rather than having expressions for [ao 0 o) given in Equations (2),

the following alternate expressions might be used:

0( C / C (6a)

The question that must then be considered is the quality of agreement
between Equations (2) and (6). If the variables {a 0 ' 1, after

having been calculated separately from Equations (2) and (6), are not
in agreement then there must be a variation of flow angularity along
the body. In the extreme case where {cto, oo} are zero from

Equations (2) and nonzero from Equations (6), the conclusion would
have to be that the flow angularity varies along the body in sign
such that there is a couple on the body (Cm0 and/or C are nonzero)

and yet the net force is zero. This is somewhat at odds with the
assumption of Appendix A in that the flow angularity, {ao , 8 }, was

assumed constant along the body. In reducing the Magnus data con-
tained in this report it was found that {ao' o }, as calculated from

Equations (2), differed between 10 and 50 percent from {a0 , 1o } as

calculated from Equations (6). The procedure that was followed was
to use Equations (2) to correct force data (Eq. (4a)) and to use
Equations (6) to correct moment data (Eq. (4b)). As pointed out in
Appendix A, no corrections were made to the normal-force measurements
since such corrections must be of third order.

TEST PROCEDURE*

All configurations were tested at Mach numbers of 0.6 to 1.2 at
a constant Reynolds number per foot of 3 million. The variation of
wind--tunnel dynamic pressure with Mach number is given in Figure 7.
The stream total temperature was maintained at 90 degrees Fahrenheit.
The model angle of attack was swept between -1 and +12 degrees.

PRECISION OF MEASUREMENTS*

Errors arising from free-streAm test conditions were determined
from wind-tunnel calibration data. Since the other data obtained in
this report were determined from single-sample measurements, the

* This section was taken from Reference (6).

8
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uncertainties for these data are estinated, based on instrument

precision and calibration curve fit deviation at a 95 percent con-
fidence level. The uncertainties in the coefficients presented in
this report are as follows:

kC N  XC M Xy X Cn

±0.01 ±0.01 ±0.002 ±0.002 ±0.1

DISCUSSION OF RESULTS

In the wind-tunnel program the yawing and pitching moments and
the side and normal forces were measured. In addition, the spin
rate of the tail (freely spinning stabilizer) or the entire con-
figuration (fixed stabilizer) were also measured. Figures 8 through
42 present the normal-force and pitching-moment coefficients of the
fixed and freely spinning configurations having fin-cant angles of
two and four degrees. It was found that fin-cant angles within the
range of one to five degrees had little effect on the normal-force
and pitching-moment charauteristics of the body. Therefore, normal-
force and pitching-moment data for only two of the five fin cants
are presented.

It will be noted in examining Figures 16 through 24 and again
Figures 34 through 42 that the fixed stabilizer has a slightly
greater pitching moment at a given angle of attack than does the
freely spinning stabilizer. Both the fixed and freely spinning
configurations at both fin cants given evidence of a nonlinearity in
the pitching moment about zero angle of attack. This effect may be
due to sting interference. The sting diameter-to-base ratio is 0.5.
Unfortunately, a large sting diameter was required because the Magnus
balance was designed for spin-stabilized models where air conduits
for the drive system are required. These conduits are provided by
internal passageways internal to the balance.

Before considering the Magnus measurements, it is necessary to
justify to some extent the experimental technique used and the method
chosen for data presentation. First, it must be appreciated that
in its linear formulation the Magnus effect (force or moment) is a
unique function of a quantity which will be designated herein as the
reduced spin rate, p, or pd/2V*. One physical interpretation of
might be as the ratio of the linear velocity of a surface element due
to advance. Within the restriction of small values, p is approxi-
mately the angle of the flow "seen" by a surface element. For a
finned Pody, if the reference length were the fin span, then might
be identified as the helix angle of the fin tip. Since is an
indication of the flow angularity or distortion at a surface element

* The reduced spin rate, ', is identical to the Strouhal number that
is used in hydrodynamics a, a similarity parameter in unsteady flow.

9
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due to spin, the Magnus loads should be thought of as a function of
the reduced frequency and not the spin rate alone. The sletch below
indicates the flow Angularity at 4 surfAce lement caused by spin.

In making Magnus measurements on bodies of revolution (usually
spin stabilized) the usual procedure is to spin or to permit spin
decay of the body through a fairly wide range of spin rates. Side
loads and yawing-moment measurements are made continuously and pre-
sented as functions of reduced spin rate, . The reason for doing
this is that the reduced spin rate enjoyed by a body of revolution
depends upon the value of the initial spin rate (which in turn can be
related to the gun rifling) and to some extent the roll damping;
in addition, the reduced frequency also depends upon the trajectory
flown by the body. One encounters, for example, the situation where
the reduced spin rate often increases with downrange distance, for
while the spin rate decreases somewhat the airspeed, V, decreases
much more quickly.

For a finned body the situation is somewhat different. In
Appendix B the reduced spin rate is obtained from the integration of
a single-dogree-of-freedom equation. The steady-state reduced
frequency is shown in Equation (B-21 to be

- (7)

where C is the rolling-monent derivatiVe due to fin cant, 6, the

fin-cant angle in radians and Cp the roll-damping moment derivative.

10
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The Magnus effect is a function of the angle of attack and the
similarity parameters: Mach number, Reynolds number and the reduced
spin rate. Equation (7) indicates that for a given shape, Mach
number and Reynolds number, the reduced spin rate is fixed since
Ct, 6 and C. are determined by shape and Mach number and Reynolds

number. It might be reasoned further that the reduced spin rate, ,
is a weak function of Mach number since both C and C should vary

in nearly the same manner with Mach number and both appear in
Equation (7) in a ratio. Measurements of the reduced spin rate in
these tests indicate that the reduced spin rate does vary little
with Mach number for a given shape.

Figures 43 through 47 present the reduced spin rate versus angle of
attack for all five angles of fin cant. It will be noted that for
fins having cant angles of 1, 2 and 3 degrees, the reduced spin rate
is nearly invariant with angle of attack (up to 12 degrees). The
five-degree fin cant indicates the greatest variation with angle of
attack, changing about 15 percent over the angle range of 12 degrees.
It will also be noted that the variation of reduced spin rate with
Mach number is small. For example, the value of for the four-
degree fin cant is 0.076 at a Mach number of 0.59 and 0.078 at a Mach
number of 1.20, supporting the earlier made conjecture on the small
influence of Mach number on reduced spin rate.

The only question that remains to be settled is how quickly the
store reaches the steady-state value of the reduced spin rate.
Equation (B-5) expresses the relationship between the initial
difference between actual and steady-state reduced spin rates, Pc - Ps'

and the difference, - - PS, at a later time, t*. The quantity t* is

a nondimensional time, having for units the time for the passage of
one body length. The half life of the spin rate difference, -PSI

means that,

(8)

asuming the following values,

C -10o-9 (9)

Equation (8) may be solved for t* to give

t*= 4 (10)

The above value of t* means that the body moves through 242 lengths
(about 3 to 4 seconds) before the reduced spin rate would be one-half

11
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way to the steady-state value. This result indicates that to study
initial motion after release, a wind-tunnel test must be carried out
in which the model is driven in spin, over a range of reduced spin
rates from zero to the steady-state value. Data, as presented in this
report, would appear to be Uiadequate for analyzing the initial
motion. However, beyond the first five or six seconds after release
it would seem a safe assumption that the configuration has attained
the steady-state value of reduced spin rate. From that time onward
the reduced spin rate is nearly constant over the remainder of the
trajectory. The conclusion is then that once the Mach number and
the angle of attack are set, the reduced spin rate is automatically
set (by Eq. (7)). Thus, the side-force and yawing-moment coefficients
will be directly applicable to the full-scale configuration. Magnus
loads can then be treated like conventional static loads and the
reduced spin rate is not a separate independent variable.

The Magnus forces and moments are given as functions of angle of
attack and Mach number in Figures 48 through .24. With the exception
of the configuration having a one-degree fin cant, all Magnus data
are presented for both the fixed and freely spinning stabilizers.

Platou's qualitative theory of the Magnus effect on finned
bodies can be used with limited success to explain these data.
Platou's theory was originally set forth in Reference (9). This
theory centers around the effect of the body wake impinging upon the
leeward fin. The resulting decrease in fin lift is felt first in the
region of the root; it then propagates towards the tip as the body
angle of attack increases. The essentials of the concept may be seen
in the sketch below:

WAKE

aB>>

12
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In the above sketch the fins normal to the angle-of-attack plane have
been omitted for clarity. It will be noted that the lift distribution
changes sign across the fin, both at zero and nonzero angles of attack.
For a body rolling at the steady-state value of the reduced spin rate,
the lift distribution must satisfy the condition that the net rolling
moment is zero, i.e.,

b/Z

11(11

where CZ , Q, C(y), aB' 6 and y are the sectional lift coefficient

slope, the dynamic pressure, the panel chord as a function of the
spanwise station, the body angle of attack, the fin-cant angle and
the spanwise station, respectively.

It will be noted in the above sketch that at zero angle of attack,
aB, the net force in the Y direction is zero. However, as the angle

of attack increases the decrease in the lift at the root of the most
leeward fin results in an imbalance in the side force. Thus, with
increasing angle of attack there will be a net side force in the
negative Y direction (to the left looking forward along the direction
of positive spin). Since the stabilizers are usually located well aft
of the center of gravity, the Magnus force in the negative Y direction
will result in a positive Magnus or yawing moment about the Z axis.

The qualitative value of Platou's theory may now be evaluated by
comparing its predictions with some measurements. Consider the fixed-
stabilized configuration for the moment. It may be seen in Figure 58
that for a fin having a two-degree fin cant the side force is negative.
The corresponding moment, presented in Figure 66, is shown to be
positive. However, it will be noted that with increasing Mach number
the yawing moment initially becomes zero. Compare, for example,
Figures 66 and 71. The same trend of decreasing yawing moment with
Mach number is in evidence for the four- and five-degree fin cants.
Oompare Figures 100 and 106 for the four-degree fin cant and Figures
117 and 123 for the five-degree fin cant. It should be pointed out
that this decrease in positive yawing moment cannot be explained by
including forebody force contributions. If the Magnus moment on the
forebody is identified with that on a body of revolution, the trend
would be for the Magnus center of pressure to move aft with increasing
Mach number. The result should be a contribution to the total Magnus
moment that increases with Mach nunber.

Platou's theory deals directly with the Magnus force and predicts
that this force should be negative for positive spin rate, although
not necessarily linear with increasing angle of attack. It may be of
interest to examine how a typical Magnus force varies with angle of
attack and Mach number. For both the fixed and freely spinning con-
figurations having a four-degree fin cant the side-force coefficient
is negative for small angles of attack (see Fig. 91 for example).

13
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The freely spinning configurAtion has a smaller side-force coefficient,
presumably because the forehody contribution is absent. In Figure 91
both fixed and freely spinning configurations have side forces which
reach a maximum at about six degrees Angle of attack and then become
increasingly negative. As the Mach number increases the negative peak
diminishes, At a Mach number of Q.84 the freely spinning stabilizer
has a positive Magnus force foX angles of attack greater than seven
degrees; the fixed stabilizer has a positive Magnus force above 11
degrees. A further increase in the Mach number results in a further
positive trend in the Magnus force. For example, at a Mach number of
1.11 (Fig. 97) the Magnus force is entirely positive. A similar trend
is recognizable for all fin-cant angles except one degree. The
measurements made on the one-degree fin, either fixed or freely
spinning, are only a few times greater than the uncertainty of ±0.002
in the measurement of the force coefficient.

One final consideration is the relative size of the Magnus effect
on the fixed and freely spinning stabilizers. For the two-degree
fin cant both configurations (fixed and freely spinning) have positive
Magnus moments which tend to increase with angle of attack to a pea.
value of about seven degrees angle of attack at low Mach numbers
(see Figs. 64 and 65). Both configurations have Magnus moments of
nearly the same magnitude. Where the free stream becomes supersonic,
the Magnus or yaw moment decreaseb from its positive subsonic peak of
about 0.04 to a slightly negative value (see Fig. 106). The magnitude
of the moment is comparable for both configurations.

At a fin cant of four degrees the trend is roughly that observed
at two degrees, although the maximum positive value is about 0.05.
It does appear that the fixed stabilizer has a slightly less positive
or a slightly greater negative moment than does the freely spinning
configuration.

Increasing the fin cant to five degrees increases the positive
Magnus moment with increasing subsonic Mach numbers (compare Fig. 119
with 116). However, the differences between the fixed and freely
spinning configurations, as noted above for the four-degree fin cant,
become more evident. At Mach number of 0.94 (Fig. 122) the freely
spinning stabilizer has a positive yawing moment up to eight degrees
angle of attack, but the fixed stabilizer has a negative moment over
the whole of the angle-of-attack range. For supersonic Mach numbers,
both configurations have negative Magnus moments, although the
magnitude of the moment applied to the fixed stabilizer is greater.
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APPENDIX A

FLOW ANGULARITY CORRECTIONS TO MAGNUS MEASUREMENTS

The making of Magnus measurements poses a considerable challenge
to the aerodynamic experimentalist, 7he nature of the Magnus effect
presents two principal obstacles in the path of systematic and re-
liable measurements. First, measurements must be made in the presence 4
of model spin and, secondly, the Magnus force is small and acts normal
to the angle-of-attack plane. Stated in another way, this second
consideration says that the Magnus force must be measured in the
presence of an orthogonal force whose magnitude is much larger (about
20 times) than the Magnus force.

The first difficulty can be met only through careful model design
construction and fitting to the wind-tunnel balance. The second
consideration might be accepted as a balance design requirement
setting the relative stiffness of the balance to yaw and pitch loads.
However, the relative magnitude and direction of the Magnus and normal
loads at least hints that what might appear as a superficial inter-
action of normal-force and yaw measurements can have a disastezous
effect on the quality of the Magnus data.

The interaction of normal force and yaw loads treated in this
note will be confined to flow angularities. Briefly stated, if there
is an angular resolution between the flow vector and the axis-of-
symmetry vector at a nominal angle-of-attack setting of zero, then
there will be a nonzero yaw load measurement. In general this
angular offset will prevail over the whole angle-of-attack range. In
other words, even at angle of attack the true angle between the flow
vector and the axis-of-symmetry vector will differ from the nominal
angle-of-attack setting. In addition, the actual and nominal angle-
of-attack plane will differ in orientation. This is especially
important as the normal force is defined in and the Magnus force
normal to the angle-of-attack plane. It ill be shown subsequently
that even though the angle between the nominal and actual angle-of-
attack planes may be "small" the effect on the Magnus force can be
significant.

It should be pointed out that effects of flow angularity gradients
in space will not be considered although gradients along the model can
be accounted for in an approximate fashion. Stated alternately, no
consideration is given to changes in flow direction at different
points in the test section flow field. Attention herein is confined
to effects arising from a failure to orient the model along the flow
at a nominal angle-of-attack value of zero degrees. While the failure
might be attributed to operation~l error, tunnel flow angularities
or even carelessness, ouch angularity exists in all wind-tunnel Magnus
measurements, This angularity is apparent in the existence of non-
zero normal and side loads at a nominal zero angle of attack.
Actually, it appears that there is little that can be done at this
time to align the model perfectly into the flow at zero angle of
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attack. In this Appendix b~l~nce corXections will be developed to
remove the effects of the flow ang4la4rity from the Magnus or side-
load measurements.

The model is assumed mounted on a conventional axial st.ng. The
axis of symmetry is taken along the "X" axis with the axial direction
indicated by the unit vector 1, A conventional right-hand triad is
formed by unit vectors i, 1, k, with normal force along the negative
"Z" axis in the opposite direction of k and side forces along the
positive "Y" axis in the direction of j- These axes and vectors may
be identified in Figure A-i below:

~xJ X1xi

Y Y

0

00

0\ o

a 0
00

Tx(Qxi)
FIG. A-]

It will also be noted that when the configuration is at a nominal
angle of attack of zero degrees, the {X,Y,Z1 axes are coincident with
the {X ,Y ,Z } axes. Rotation in angle of attack, a, is entirely

about the Y axis. Further, the velocity vector, -V, is not assumed
coincident with i but rather has direction angles {a o, o } with

respect to i as shown in Figure A-i. As a consequence, the true

angle of attack, A, is not at any time equal in magnitude to the
nominal angle of attack, 4. The angle-of-attack plane obviously will
not lie in the {XoY0 } plane. The inplication of this "tilting" of the
angle-of-attack plane will be pointed out subsequently.

The direction of the veloc#tX vector, -V, ig designated by the
unit vector, A( which can be written in the {oJo,)jo } System as,
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I 1 -C %oCeo +s 5~ .V (A-1)

We can write 1 in terms of the {O,3,1E system by means of the
following transformation

x
io a 

x
0

0

Z
Z

0FIG. A-2

where

-A :

jo (A-2b)

R* S~C+60 (A-2c)

Inserting Equation (A-i) into Equation (A-2) gives

EC~ (G, E.&s 0 SfO- oS o4-[C(A-3)

+ [C0saocv.s 1i + Si Q.a( B
It was pointed out above that the assumed angle-of-attacX plane

{i,i o  and the actual angle-of-attaQX plane {, } are not coincidental
if 00 is not zero. By definition the Magnus force must lie normal to

the angle-of-attack plane and the normal force must lie in the angle-
of-attack plane. The wind-tunnel balance will resolve t- aerodynamic
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load along the {v,j,I vectors; while this in itself is not incorrect,
it is incorrect to identify the load Along the I axis as the Magnus
load.

A unit vector normal to the angle"of-attack plane may be given
as

a - JX4 (A-4)

where a is the magnitude of £ x i. Thus,

a.-~m[Cso i 101 ( i) ~ ~'~-J(A-5)

where it immediately follows that

or finally,

= + [t'os. C'oy. s. Sn('.4S) - o (A-7a)

Note that if $0 equals zero, Equation (A-7a) becomes

(A-7b)

It is also necessaryto have a vector in the angle-of-attack plane
and normal to both i and n. This unit vector, , will be determined
from

6 (A-8)

From Equation (A-3) we imeUAtely hAve

[CoS4~ S1",e.]S + IICosa.CO"P. 5iV)C(+ n0C0S (A-9)

Obviously, from Equation (A-6), b m a; thus Equ-tion (A-9) becomes,

143
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IGQa5-1O If(o(, OZ \ (4-10a)

Again, as might be expected, if 0 equals zero,

(A-lOb)

If Figure A-i is examined it may rei. be seen that the
nominal angle of attack, a, is not the a- . angle of attack, A.
Since the angle of attack is defined as th& angle between the axis
of symmetry and the velocity vector, it is necessary to have a
relationship between a and A. This relationship is easily obtained by
first noting that,

Sir) P"IX V I)P'Z(A-lla)
and

CO 1(A-rib)

Since nearly all computer programs have an Arc-Tan routine, an
expression is sought for Tan A. Dividing Equation (A-lla) by (A-llb)
and making use of Equations (A-6) in the numerator and Equation (A-3)
in the denominator results in the following expression:

S<Co (A-12)

It might be of some interest to examine the above relationship where
a0 << a and ao << a. From Equation (A-6) the expression for a becomes:

= + a (A-13)

Si ?-' ~ +ZooSiOOLCoso4i-COS 4
Within the above restrictions on the stze of o and @ 0elative to a,

Equation (A-13) mighL be xewritten using the followingt

A-5



NOLTR 72-291

o0 in Cos Z SiD2 > t4o Co S

Equation (A-13) can now be further redUced as:

I %

(A-14)

Equation (A-12) now becomes:

Ta) +o< , (A-15)

If aO is equal to zero (and 0 has been ignored so it is effectively
"zero") Equation (A-15) becomes

V1 (A-16)

Of course, Equation (A-16) is nothing more than a check of Equation
(A-12), showing that if the flow angularity variables {a ,80 become

small and then negligible the true and nominal angles of attack A
and a, respectively, become equal. Also Equation (A-15) shows (as
one might expect) that for large angles of attack, the effect of a

is second order and the effect of $o is third order. Actually

Equation (A-15) is not of much value as it cannot be used where the
angle of attack, a, is of the same order as {ao,8 o.

Two orthogonal axis systems have been introduced: (:,3,k) and
(i,, ); the first being the system into which the aerodynamic force
vector is resolved by the wind-tunnel balance; the second being the
system in which the aerodynamic loads are defined. For example, the
Magnus load is defined normal to the angle-of-attack plane, i.e.,
along n and not along j. Similarly, the normal force lies in the
angle-of-attack plane (along negative 1 and not along negative k.
Relationships will now be developed between loads measured in these
two systems.

The aerodynamic load vectox, i, can be expressed in both the
(i,j,k) and i,r, ) systems As
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Through the use of Equations (A-7a) and (A-10a) Equation (17) above
may be rewritten as;

CL 6 1-Sn(C~ )

+ -(Cod Sihf)f CC.O cGS ( &-. ) ib

= +13

Equating the components in the above vector equation gives

If [oCosaocyosir)OL+ siho OQ.A Gu [C04t~iy4 (A-18b)

/t

OLi

Since it is of greater interest to express {G ,G ,G I as functions
of {F x,F y,F z}, it is necessary to solve Equations (A-18) for

{G x,G y,G z. It is immediately obvious that Gx equals Fx, however,

such a relationship is of no practical use since axial loads are not
usually measured in a Magnus test anyway. Defining the following
relationships,

(: S l.CS rj S )t~c (A-19a)

cos - (A-19b)

Equations (A-18b) and (A-18c) become;

O y (A-20a)

a F (A-20b)
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From Equation CA-6) it is obyjous that

aL= 2 (A-21)

Using Cramerqs rule, Equations (A-201 can be rewritten as,

Gy - G] F, F-, (A-22a)

G1 . F*1 -(A-22b)

The above expressions becom e,

¢ ______ _ (A-23a)

____- (A-23b)
Equations (A-23) may now be written in coefficient form by replacing

Gt Gn omI F by Can -CC C and rC, respectively. If this is done
i ra z y N y N

Equations (A-23) become:
C C1,1A-CyC (A-24a)

CL

________ (A-24b)

The normal-force and side-foxce Qoefficients, C 14and C y , are measured

at a nominal angle of attack, a. Once these quantities are available
it remains only to obtain the flow angularity variables, a and 0
Before doing this it is probably of somne value to point out that
Equation (A-24b) is not of much practical valuQ. It would be

1,17 A-8
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c
expected that the corrected valge of C,, that is CN ' would not differ

much from the measured Value. The reason is that for small values of
Qo and @o' the quantity K would be nearly equal to 6 0see 9q. (A-19b))

and h no less than the order of q (see Eq. (A-19al). Since the

magnitude of C is an order of magnitude less than CN (measured at
y N

the same angle of attack), the correction to CN would be negligibly
N4

small. Therefore, in considering corrections to measured data,
attention will be confined to the side-force equation, Equation
(A-24a).

Next, consideration should be given to corrections to the moment
meaLurements. Moment correction equations, analogous to Equations
(A-24), can be written quite easily by returning to Equations (A-23).
The force components {F ,F ,F z}can be thought of as the components

of the aerodynamic moment resolved in the wind-tunnel balance frame,
{i,j,kl. The corrected force components {G ,G .,G } are then the

resolution of the aerodynamic moment in the {[, , } frame. The
moment coefficients are introduced by replacing G ,G ,F and F by
c c and respectively, to get:

Cm' Cn' Cm nCn,

C C - (A- 25 a)

CC- + v+ (A-25b)

Using arguments similar to those offered in the case of the normal-
force coefficient, the corrections to the pitching moment (Eq. (A-25a))
can be ignored. The correction equations will then be Equation
(A-24a) for the side force and Equation (A-25b) for the yawing moment.

Now for the above correction equations to be of any value, there
must be some means for measuring the flow angularity angles ao and 0

These quantities are indicated by a nonzero load measurement at a
nominal zero angle of attack. In the sketch below the model is
indicated to be at a nominal angle of attack of zero.

11
A-9



NIOL II 72-291

YO
00

00

FIG. A-3

Since a0and 0 0 are small, the situation seen when "looking in" along

the Yaxis along the negative direction is approximately that given

in the following sketch:

00

O-v
0

z
0

FIG. A-4
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Clearly

or

where C, the normal-force derivative at a = 0, may be obtained in
a i

an approximate manner as

C~ CNL~&~ST.5(A-27) 4

In this note the use of the above expression will be implemented by
obtaining CN at two and zero degrees to give

OL 2.-

The situation seen "looking in" along the Z axis in the positive
0direction is approximately that given in the following sketch.

Y
0

ZO

0

0

xo

FIG. A-5

For a positive value of CI an a positive sideslip angle, Po , the

analogy of Equation (A-261 may be written as

CY/c 4 1 A29

A-li
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APP9NDIX B

SPIN RATE RELATIONSHIPS

If the spinning motion of a free-fall store is assumed to have
a single degree of freedom, the angular momentum in spin can be
related to the applied moments as,

[Ct4 4- C1 (B-1)

where C is the roll-damping moment derivative and C£ is the rolling
kp t

moment due to fin cant. Equation (B-i) can be rearranged by replacing
the spin rate, p, by the reduced spin rate, , to give:

C + QS8, Z(B-2)

The unit of the independent variable time may be changed from seconds
to the time for passage of one bomb length or

tl(11i,) &

Equation (B-2) may now be rewritten replacing t by t*.

C~j Z TV(B-3)

with the axial moment of inertia replaced by the nondimensional

radius of gyration Kx= 4Ix/m2 and the bomb "average" density, PB'
equal to m/SA, the second term on the right of Equation (B-3) becomes,

Equation (B-3) now becomes:
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+ - -'I -!k-) - ; +(B-4)

where C 6S/Cs may be brought inside the derivative since it is a

constant. Integrating Equation (B-4) gives,

where the steady-state spin rate which occurs when t* 00 might be
written as

b(B-6)

B-2


